Abstract. Villin is a calcium-regulated actin-binding protein that caps, severs, and bundles actin filaments in vitro. This 92,500-D protein is a major constituent of the actin bundles within the microvilli of the brush border surface of intestinal and kidney proximal tubule cells. Villin is a very early marker of cells involved in absorption and its expression is highly increased during intestinal cell differentiation.
slightly hydrophilic motif is followed by three hydrophobic motifs, similar between themselves and regularly spaced. The duplicated domain is highly homologous to three other actin-severing proteins and this basic structure represents the whole molecule in severin and fragmin, while two basic units compose gelsolin.
The third domain which is carboxy terminal is villin specific: it is unique among actin modulating proteins so far known. It could account for its actin-binding properties (dual regulation by calcium of severing and bundling activities). We propose that it may also be related to the subcellular localization of villin in different epithelial cell types.
V
ILLIN belongs to the large class of actin-modulating proteins regulated by calcium and present in nonmuscle cells. It was first isolated from the brush border of chicken intestinal epithelial cells Weber, 1979, 1980; Mooseker et al., 1980; Craig and Powell, 1980) . Among the proteins that regulate actin filament assembly by performing various functions such as sequestering actin monomers, blocking the end of actin filaments, severing or cross-linking these filaments, villin and gelsolin (Yin and Stossel, 1979) are best characterized in higher eucaryotes. (For review see Stosset et al., 1985 .) Villin has two unique features. (a) It has a dual function in vitro regarding calcium concentration. At low Ca ++ concentration, (<10 -7 M), villin acts as a bundling factor while at concentrations above 10 -6 M, villin severs, nucleates, and blocks the end of actin filaments (Glenney et al., 1980 (Glenney et al., , 1981a Bretscher and Weber, 1980;  for review see Pollard and Cooper, 1986; Mooseker, 1985) . (b) Unlike most of the other actin-binding proteins so far characterized, villin presents a striking tissue-specific distribution (Bretscher et al., 1981; Robine et al., 1985) . It is a major constituent of the brush border of cells specialized in absorption, namely intestinal and kidney proximal tubule cells. Villin is also present, although at a much lower concentration, at the luminal faces of a few cell types lacking an organized brush border; i.e., epithelial cells lining pancreatic and bile ducts (Robine et al., 1985) . These cells are also involved in absorptive processes and share a common embryonic origin with intestinal ceils.
We have previously shown that villin is already expressed in immature cells; i.e., embryonic intestinal cells and dividing cells of the adult intestinal mucosa. Villin expression is increased upon terminal differentiation (Robine et al., 1985) . Analysis of villin mRNAs expressed in a human adenocarcinoma cell line (HT29) in which differentiation can be manipulated in vitro, indicates that this control occurs at the mRNA level (Pringault et al., 1986) . Moreover, recent work has shown that villin can be detected early in embryogenesis of the gut in both chick (Shibayama et al., 1987) and mouse (Maunoury, 1988) . Thus, in addition to its tissue-specific expression, villin represents an early marker to follow the differentiation of intestinal epithelial cells during embryogenesis and in the adult.
To better understand the cellular functions in vivo of this protein and to further analyze the regulation of its expression during development and terminal differentiation, we have isolated a full length cDNA clone coding for human villin. We present an analysis of the villin amino acid sequence with regard to the functional domains previously characterized by biochemical approaches (Glenney and Weber, 1981; Glenney et al., 1981b; Matsudaira et al., 1985) . Sequence homologies with other actin-binding proteins, which share similar functions and particularly with gelsolin, are discussed.
Materials and Methods

cDNA Library Construction
Total RNA was isolated from a suhclone of the HT-29 cell line (HT29-18-C1; Huet et al., 1987) by the guanidium isothiocyanate method (Chirgwin et aI., 1979) and enriched for polyA + RNA by passage over oligo dT cellulose (Aviv and Leder, 1972) . The polyA + RNA was size fractionated on a 5-20% sucrose gradient and the fractions containing villin mRNA were identified by Northern blot analysis using a cRNA probe corresponding to the carboxy-terminal end of human villin (Pringault et al., 1986) .
cDNA was synthesized from 1 lag of polyA + RNA according to the method described by Gubler and Hoffman (1983) . After methylation of the cDNA with Eco RI methylase, Eco RI linkers were ligated to the bluntended cDNA, digested with Eco RI, and separated on an Ultrogel column (model AcA34; LKB Instruments, Inc., Bromma, Sweden) in TE (20 mM Tris, 1 mM EDTA) buffer. 30 ng of cDNA were then ligated with 1 lag of Eco RI-digested ~,gtl0 vector DNA and the ligated particles were packaged in vitro to generate a cDNA library containing 106 independent recombinants.
To isolate the 5' end of villin cDNA it was necessary to perform three successive primer extensions using oligonucleotide sequences complementary to villin mRNA. These oligonucleotide probes are underlined in Fig. 3 . The oligonucleotides were hybridized to 2 txg of size-fractionated polyA + mRNA in a molar ratio of 10:1. The synthesis of cDNA was then carried out according to the conditions previously described. The ~,gtl0 libraries were screened with cRNA probes generated by in vitro transcription (Melton et al., 1984) from the cDNA clones already characterized.
Northern Blot A nalysis
PolyA ÷ RNA (t.5 ~g) isolated from the HT29-18-C1 cell line was fractionated by electrophoresis on 1% agarose gels in the presence of 1 M formaldehyde (Lehrach et al., 1977) and transferred to nitrocellulose. Blots were prehybridized at 55°C for 16 h in 50% formamide, 4× SSC, 0.05 M Na:HPO4, pH 7.4, lx Denhardt's solution, 250 ltg/ml denatured salmon sperm DNA, and 500 ~tg/ml tRNA. Hybridization with 3ZP-labeled RNA probe (2 × 106 cpm/ml) was carried out for 24 h at 55°C in the same solution except that the tRNA was omitted. Blots were washed twice in 1x SSC, 0.1% SDS, once in 0.2× SSC, 0.1% SDS at 65°C, and finally once in 0.1× SSC, 0.1% SDS for 30 min at 70°C.
Sequence Analysis
Restriction fragments of cDNA were subcloned in M13mpl 8-mpl 9 derivatives and sequenced by the dideoxy-chain termination procedure described by Sanger et al. (1977) . Overlapping sequence data were obtained for both strands.
Protein Sequence Analysis
Human villin was purified by B. West, L. West, and M. Mooseker (Department of Biology, Yale University) from isolated human brush borders by methods described by Coleman and Mooseker (1985) . Before sequencing, 25/ag of villin were subjected to SDS-PAGE on a 10% gel and electroblotted onto a glass-fiber membrane (model GF/C; Whatman Inc., Clifton, NJ) coated with poly(4-vinyl-N-methylpyridine). For details see Bauw et al., (1987) . The immobilized protein was detected by a diIute fluorescamine stain (1 mg/liter of acetone), excised from the membrane, and mounted in the reaction chamber of a gas-phase protein sequenator (model 470 A; Applied Biosystems, Inc., Foster City, CA) operated following the instructions of the manufacturer. Initial sequencing yields, calculated as a percentage of protein loaded on the gel, are ,~10%. It is known that protein transfer is seldom quantitative (usually between 60 and 90%) and that artifactual NH2-terminal blocking occurs during gel electrophoresis (in many cases, >50% of the protein is blocked; see also Moos et al., 1988) . We therefore assume that this value is not abnormally low and is probably reflecting the NH2-terminal sequence of the majority of the villin molecules rather than being the result of a proteolytic cleavage close to the NH2 terminus of a fraction of the molecules of villin, which would be otherwise NH2-terminally blocked.
Computer Analysis of the Amino Acid Sequences
A hydropathy profile for human villin was determined using the program devised by Kyte and Doolittle (1982) . Amino acid sequence comparisons were carried out according to the program described by Wilbur and Lipman (1983) . The protein libraries from both the National Biochemical Research Foundation (Washington DC) and of Newat were searched for homologous protein sequences.
Results
Isolation of Human Villin cDNA Clones
We previously reported the characterization ofa cDNA clone (515 bp) encoding the carboxy-terminal end of human villin (330 bp) and a 3' untranslated region (185 bp). Northern blot analysis carried out with this cDNA probe revealed that in human intestine and kidney, two different sizes of mRNA hybridized with this probe whereas in the same tissues from rat and chicken only one mRNA species was observed (Pringault et al., 1986) .
A ~,gtl0 library constructed with size-fractionated polyA ÷ RNA was screened with this probe. Four positive clones were isolated from ~5 × 105 recombinants. The two largest clones with insertions of 1.75 (V1) and 1.33 kb (V2) were characterized by restriction map analysis and by sequencing (Fig. 1) . V1 contained 1.6 kb of coding sequence and 185 bp of the noncoding sequence present in the probe. V2 contained 330 bp of coding sequence identical to that of the probe and a noncoding region of 1 kb.
Furthermore, Northern blot analysis was carried out with cRNA probes corresponding to (a) the cDNA clone previously described (Pringault et al., 1986 ) and used for screening (Fig. 2 A) , (b) the complete V2 clone (Fig. 2 B) , and (c) the 3' end of the V2 clone (180 bp; Fig. 2 C) . The cRNA probe corresponding to the complete V2 clone hybridized with both mRNA species (Fig. 2 B) , while the cRNA probe of 180 bp hybridized only with the larger mRNA (Fig. 2 C) . Altogether, these results demonstrated that human villin is encoded by two different sizes of mRNA ('~2.8 and 3.6 kb) , and that the two bands observed by Northern blot analysis are due to a difference in the 3' noncoding region. To isolate longer villin cDNAs, a cRNA probe (350 bases in length) corresponding to the 5' end of V1 was generated and used for screening 5 × 105 recombinants. Two additional villin cDNA clones were isolated by hybridization: the largest one with an insertion of 3 kb (V3) corresponded to the mRNA with the longer 3' noncoding region. The other cDNA with an insertion of 2.3 kb (V4) corresponded to the smaller mRNA (Fig. 1) .
The small number of villin cDNAs isolated from our library, given the relative abundance of villin mRNA in the HT29-18-C1 cell line, together with the lack of larger cDNA clones suggested to us that secondary structures present in the villin mRNA might be interfering with the synthesis of villin cDNA. To overcome this problem and to obtain cDNA encoding the 5' sequence of the villin mRNA, we used an oligonucleotide (19 mers) complementary to nucleotides 546-564 of villin mRNA as a primer for construction of another cDNA library. A cRNA probe (180 bp), derived from the cDNA clones already characterized and located upstream of the primer, was used to screen the library. The largest clone isolated contained 470 nucleotides (V5). This clone did not encode the complete 5' region of villin mRNA, and to obtain this region we had to repeat this cloning strategy twice. We constructed two other libraries using a 13-mer and then a 20-mer oligonucleotide complementary to the nucleotides 174-186 and 79-98, respectively, of the villin mRNA. cRNA probes located upstream of the primers and, respectively, 60 and 20 bp long were used to screen the libraries and isolate the clones V6 and V7 (Fig. 1) . According to the amino-terminal sequence derived from protein sequence (12 amino acids) of human villin (Fig. 3) , the V7 clone encoded the 5' coding region of villin terminating at the second nucleotide of the codon after the initiation codon ATG. The sequence of the 5' untranslated region was obtained from fragment isolated from a genomic library (generous gift from H. Frischauf et al., 1983) , which also contained part of the 5' coding sequence overlapping with the cDNA clones V6 and V7.
Nucleotide and Deduced Amino Acid Sequence of Human Villin
The complete nucleotide sequence of the overlapping cDNAs and the deduced amino acid sequence of human villin are shown in Fig. 3 . Comparison of this primary structure with the NH2-terminal sequence of the human villin determined by protein sequencing indicated that the ATG found at position 25 corresponded to the initiation codon and that the methionine is removed in the mature protein. Moreover, the ATG codon is preceded by a sequence (CACC) that is in good agreement with the consensus sequence defined for the initiation of translation of most eukaryotic mRNAs (Kozak, 1986) . The first ATG codon is followed by an open reading frame of 2,478 nucleotides. This open reading frame encodes a polypeptide of 826 amino acids that gives a calculated molecular mass of 92,459 D and calculated pH of 5.94 in agreement with the pH measured by two-dimensional gel electrophoresis (Sahuquillo-M6rino, C., unpublished data). The 3' untranslated region of the shorter cDNA is 185 bp long with a polyadenylation site located 30 bp upstream of the poly A region. The cDNA coding for the larger mRNA contains a 3' untranslated region •1 kb long with two potential polyadenylation sites: one corresponding to that of the smaller mRNA and the second one located 18 nucleotides upstream of the poly A stretch in the larger cDNA (data not shown). Automated gas-phase sequencing revealed the presence of two residues ALA/THR (ratio 2:1) in the first position, while in the further twelve positions unambiguous sequences were found in agreement with the proposed cDNA sequence. While the assignment of THR as the amino-terminal residue fits with the DNA sequence, it cannot be excluded that the additional amino-terminal ALA may reflect the presence of a villin isoform possibly derived by allelic microheterogeneity. On the other hand, it is also very well known that ambiguities, particularly arising in the first step of the Edman degradation, may often be the result of simple contamination by free amino acids.
Computer analysis of the human villin sequence using the program of Wilbur and Lipman (1983) indicated that this protein is composed of three large domains. The first two domains are repeated in tandem with a single gap of 17 residues. The third domain corresponding to the "head-piece" region of villin (Glenney and Weber, 1981) is distinct. The two repeated domains cover residues 1-360 and residues 380-720. Within each of them, we can distinguish two groups of different motifs. The first one is repeated once (a, a') while the second one is repeated three times (bb', cc', dd'). T h e hydropathy plot shows that the motifs aa' display a slightly hydrophilic profile while the three repeated sequences (bb', cc', dd' ) correspond to rather hydrophobic areas of the m01e-cule (Fig. 4) . Sequence comparison of the motifs a and a' (residues 16-49 and 397-430) shows that they are highly homologous since 16 amino acids out of 33 are strictly identical (see Fig. 6 A) . The three identical groups of 17 residues (bb', cc', dd'), which are repeated in each domain, also display, between themselves, a strong homology but appear different from the first group aa'. Alignment of these triplicate sequences shows a characteristic motif of highly conserved amino acids (I/L -W+3 -G + 6 -S / W / N + | o -E+I3 -A + I 7 ) separated by a constant number of amino acids that are often conservative (see Fig. 6 B) . These repeated motifs are separated by regular intervals of 93-106 residues along the molecule and confer to the primary structure of human villin several elements of symmetry. GLU GLU GLU LYE LYE ALA ALA ALA TER TER ALA GLI, GLU GAG GAG GAG AAG AAG GCC GCA CCA ACE ACT GCA CAG GAA 700 THE PRO ILE ILE VAL PAL LYE GLN GL¥ Ills GLU PRO PRO ACE CCC ATE ATT GTG GTG AAG CAG GGA CAC GAG CCC CCC LYE TEP SEE ASII T}lR LYE SEE TTR GL~ ASP LEU LYE ALA AAG TGG A~T AAC ACE AAA TCC TAT GAG GAC CTC AAG CCC ALA GLD VAL THE SEE PRO LYE VAL ASP VAL Pile ASII ALA GET GAG GTC ACA AGE CCC AAA GTG SAC GTG TTC AAT GET PRO LEE GLU GiN LEE VAL AEN LYE PRO VAL GLU GLU LE~ CC¢ CTG GAG CAC ETA GTG AAC AAG CCT GTA GAG GAG CTC 800 LEU SEE ILE GLU ASP PEE THE GLN ALA PIIE GET HET TIIE CTG TCC ATT GAA GAT TTC ACT CAG GCC TTT GCG ATG ACT 826 GLN AE~I LEE LYE LYE CLU LYE SLY LEE PEE CAA AAC CTC AAG AAA GAA AAA GGA ETA TTT GCC CAA GTC AAA GGC TCT CTC AAC ATE ACE ACE CCG 75
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Homology between Human Villin and Human Gelsolin
The sequence of human villin was compared at the sequence of human gelsolin determined by Kwiatkowski et al. (1986) . Gelsolin is a Ca2÷-regulated actin-binding protein that has been originally purified from rabbit macrophages (Yin and Stossel, 1979) and whose function is to sever, nucleate, and block actin filaments. Unlike villin, however, gelsolin has no bundling activity. Comparison of the primary structure of villin and gelsolin shows a very high degree of homology (57 %) in the sequences covering the two duplicated domains with only 6 short gaps <7 residues (Fig. 5) . The same internal motifs (aa', bb', cc', dd') are found in each domain of both proteins and inside each repeat identical characteristic sequences are present (Fig. 6, A and B) . The overall structure of gelsolin (Kwiatkowski et al., 1986 ) is restricted to the two large domains repeated in tandem present in the villin molecule. Thus the structural specificity of villin resides in the carboxy-terminal part of the molecule which appears as an additional domain present only in villin. Since only villin displays a bundling activity, it is tempting to correlate the presence of this headpiece to the specific function of viUin as was already shown by Glenney et al. (1981a) .
Villin Shares Sequence Homology with Other Actin-binding Proteins
The primary structure of other actin-binding proteins showing similar F-actin severing and capping activities have been recently reported (Kwiatkowski et al., 1986; Ampe and Vandekerckhove, 1987; Andr6 et al., 1988) . On the basis of their molecular mass they can be divided into two groups: villin (92,500) and gelsolin (90,000) have been found only in higher eucaryotes while two proteins with similar binding activity but half-size molecular mass have been isolated from lower eucaryotes: fragmin (cap 42a; 42 kD) purified from
Physarum polycephalum (Hasegawa et al., 1980; Hinssen, 1981) and severin (40 kD) from Dictyostelium discoideum (Brown et al., 1982) . Fig. 6 A compares the motifs a and a' of villin and gelsolin with the amino-terminal sequence of severin and fragmin. A large motif with a strict homology (W6 --R7 -V14 --P|5 -V16 -G22 -F24 -G27 -D28 -Y30 -L33) is observed in these four proteins (Fig. 6 A) . Moreover Fig. 6 B indicates that the three motifs bb', cc', dd' found in villin and gelsolin are also present as highly conserved sequences in severin and fragmin (I/L/V -W÷4 -G+6-S/T/N/Q+I0 -E+13 -A+|7). It should be noted that fragmin and severin constitute only half of the villin-gelsolin molecules and therefore contain only the domains a, b, c, d.
Discussion
To obtain the complete protein sequence of human villin and for future studies on the villin gene, our aim was to isolate a complete cDNA sequence derived from the villin mRNA. Since our library did not contain a full length cDNA coding for human villin three successive primer extensions were performed along the 5' end of viltin mRNA. Analysis a posteriori of the secondary structures of villin mRNA using the program devised by Zuker and Stiegler (1981) revealed that several hairpin loops are indeed present in this mRNA which may have prevented the synthesis of full length cDNA by the reverse transcriptase.
Two large villin cDNA clones were isolated corresponding to the two sizes of human villin mRNAs. The nucleotide sequence of the cDNA encoding the entire length of the smaller mRNA was determined and the amino acid sequence deduced. No differences in the coding region were found between this cDNA and a partial villin cDNA clone coding for the larger mRNA and encompassing the amino acid residues 200-826. It is likely that these two mRNAs encode the same protein although a small difference in the amino acid sequence at the amino terminus of villin cannot be excluded.
The presence of two mRNAs coding for villin is a feature characteristic of the human species. So far, no differences in the ratio of these two mRNAs could be detected in tissues expressing villin or upon differentiation of intestinal cells in culture (Pringault et al., 1986) .
Sequence comparison with other actin-binding proteins isolated from various species indicates that the same structural organization is present in these proteins. Indeed, fragmin and severin isolated from lower eucaryotes, and villin and gelsolin purified from vertebrates, all contain one related domain with four motifs, three of which are homologous. In villin and gelsolin however, this domain is duplicated. The structural organization reported here allows us to define a basic unit composed of four motifs. This observation suggests that these proteins have evolved from a common ancestor gene by duplication in gelsolin and by duplication and addition of a specific domain in villin (Fig. 7) . This overall organization may have important implications for understanding how these proteins regulate the actin filament assembly. Proteolytic cleavages of the proteins have been used to localize the actin-and calcium-binding sites and more precisely to identify their different activities. Indeed, proteolysis of intact chicken villin with V8 protease generates two fragments: a 8.5-kD fragment described as the "head piece" located at the carboxy-terminal end of villin and the core (85 kD) which retains the Ca2+-dependent actin blocking, severing, and nucleating activity but loses the bundling function (Glenney et al., 1981a: Glenney and . Moreover, trypsin cleavage of chicken villin generates two fragments 44T and 51T (Matsudaira et al., 1985) . The Ca ++-regulated actin-binding site was assigned to the amino-terminal fragment (44T). The severing activity of villin and gelsolin has been localized in the amino-terminal part of these proteins (Glenney et al., 1981a, b; Matsudaira et al., 1985; Kwiatkowski et al., 1985; Yin et al., 1988) , while the nucleating and capping activities have not been precisely localized. It has been suggested that the actin-binding sites correspond to regions that present sequence homology between villin and gelsolin (Matsudaira et al., 1985; Kwiatkowski et al., 1986) . In this respect, it is important to note that, although these proteins have similar functions such as the severing activity, these functions are not identical. Indeed the binding of villin to G-actin and actin filaments is different from gelsolin, fragmin, and severin since it can be completely and rapidly reversed by EGTA Walsh et al., 1984a, b;  for review see Mooseker, 1985) . Moreover, if the two domains that compose the "core" of the protein have a symmetrical structure, the attempts made to localize the activities of this protein indicate that the two domains are not functionally identical. One alternative is that these homologous domains play a role in the architecture of the molecule and the functional sites may or may not lie in these regions of the molecule.
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Finally, if these proteins have in common the calciumregulated control of actin organization they probably perform different physiological functions. Important features differentiate villin from gelsolin with which it shares extensive homology. Villin has a bundling activity that can be partially assigned to a domain, the head piece, present only in this protein. This fragment (8.5 kD) together with the core are able to bundle actin filaments at a Ca 2÷ concentration <10 -6 M (Glenney and Weber, 1981; Glenney et al., 1981a) . This raises the question of the functional significance of this domain. One possibility is that the head piece can associate only with actin filaments that have a specific organization. For instance, it is conceivable that villin specifically associates with the ordered actin microfilaments with a single polarity such as those found in the intestinal microvilli of the brush border. This hypothesis would account for the striking tissue-specific expression of this protein and its subcellular localization. Villin is mainly localized at the apical pole of a few epithelial cell types whether these cells display an organized brush border such as intestinal cells or do not as is the case for pancreatic and liver duct cells. The availability of a complete villin cDNA clone should allow us to test this hypothesis by injecting, for instance, appropriately modified cDNA sequences in an expression vector into polarized and nonpolarized epithelial cells. (Kwiatkowski et al., 1986) , fragmin (Ampe and Vandekerckhove, 1987) , and severin (Andr6 et al., 1988) . (B) The three repeated motifs of villin (bb ', cc', dd') are aligned with homologous motifs of gelsolin, fragmin, and severin. The common amino acids in the motifs are shown in bold type while conservative residues are shown in lightly shaded boxes.
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